Introduction
============

Esophageal cancer (EC) is a complex and heterogeneous gastrointestinal malignancy, which is ranked 7th with respect to incidence rate and 6th for overall mortality rate in 2018 for 36 cancer types, leading to \>400,000 deaths each year, globally ([@b1-ol-0-0-11955]). Esophageal adenocarcinoma (EADC) and esophageal squamous cell carcinoma (ESCC) are the most common subtypes of EC ([@b2-ol-0-0-11955]). Cases of ESCC are primarily reported in lower income regions, such as South-Eastern and Central Asia, and the global incidence rate for ESCC is higher compared with that in EADC ([@b3-ol-0-0-11955]--[@b5-ol-0-0-11955]). There are various different approaches to treating EC, such as chemotherapy, radiotherapy, surgery and a combination treatment; however, the prognosis of patients with EC is still a challenge. Developing effective chemoprevention and chemotherapeutics to treat EC is difficult, as its etiology varies from person to person, such as tobacco and alcohol in North America and betel quid in India ([@b6-ol-0-0-11955]). Inefficient treatments result in poor 5-year survival rate and, even following advanced radical esophagectomy, the 5-year survival rate of patients with EC in 2018 is still \<20% in China ([@b7-ol-0-0-11955]).

The primary cause of the low survival rate and poor prognosis for EC is early invasion and metastasis, which is a biological characteristic of cancer cells ([@b8-ol-0-0-11955]). The occurrence of invasion and metastasis involves complex multiple-step processes, numerous signaling pathways and regulation by transcription and growth factors, such as TGF-β, Snail, ZEB and bHLH ([@b9-ol-0-0-11955]--[@b12-ol-0-0-11955]), and the tumor microenvironment ([@b13-ol-0-0-11955],[@b14-ol-0-0-11955]). Epithelial-mesenchymal transition (EMT) is an important process during tumor cell development and metastasis, which involves the transformation of polar epithelial cells into active mesenchymal cells, which can migrate freely between the cell stroma ([@b15-ol-0-0-11955]). EMT is marked by the loss of epithelioid cell polarity and the acquisition of mesenchymal cell characteristics, with reduced expression of typical epithelial cell markers (such as E-cadherin) and increased mesenchymal cell markers (such as N-cadherin) ([@b15-ol-0-0-11955]). This phenotypic transformation releases tumor cells from intercellular connections, enabling non-invasive tumor cells to acquire invasive capacity, thereby promoting local invasion and distant tumor metastasis ([@b16-ol-0-0-11955]).

Numerous studies have indicated that EMT is regulated by autophagy, a critical cell survival process through which aging organelles and misfolded proteins are degraded ([@b17-ol-0-0-11955],[@b18-ol-0-0-11955]). Although previous studies ([@b19-ol-0-0-11955],[@b20-ol-0-0-11955]) showed that dihydroartemisinin (DHA), the major active metabolite of artemisinin, might have an antitumor activity in various cancer models, whether DHA could regulate the EMT and migration of EC cells remains unknown. In the present study, a series of experiments were conducted to investigate the migration inhibition and underlying molecular mechanisms of DHA. Exploring the molecular mechanism could provide new perspectives and therapeutic targets for clinical therapy in patients with EC.

Materials and methods
=====================

### Cell culture and reagents

The TE-1 and Eca109 EC cell lines were purchased from the Library of Typical Culture of the Chinese Academy of Sciences. The cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in a 37°C incubator (95% air and 5% CO~2~). DHA was dissolved in DMSO (both Sigma-Aldrich; Merck KGaA) to a final concentration of 20 µg/ml and stored at −20°C, in the dark until further use.

### Immunofluorescence assay

EC cells were harvested using 0.25% trypsin-EDTA (HyClone; Cytiva) and seeded into a 24-well plate (1×10^5^ cells/well) to adhere overnight. The cells were then transfected with 800 ng pcDNA3.1-LC3-GFP, a plasmid expressing green fluorescent protein (GFP) and microtubule-associated protein 1A/1B-light chain 3 (LC3) (coding sequence of GFP and human LC3 were sub-cloned into pcDNA3.1(V790-20, Invitrogen; Thermo Fisher Scientific, Inc.), hereafter referred to as GFP-LC3) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). The culture medium was replaced following 6 h of incubation at 37°C and 2 µg/ml DHA was added prior to incubation for a further 24 h. The samples were fixed with 4% paraformaldehyde at room temperature for 15 min and permeabilized with 0.1% Triton-X 100 buffer for 10 min, and the slides were subsequently stained with DAPI (Beyotime Institute of Biotechnology) for 5 min at room temperature.

### Wound-healing assay

A total of 1×10^6^ cells/well were seeded into a 6-well plate and cultured overnight to adhere. The cell monolayers were scratched with a 1-ml pipette tip, and the culture medium was replaced with fresh medium containing 3% FBS to maintain cell survival. DHA was added at concentrations of 1, 2 and 5 µg/ml, and the cells were incubated for a further 24 h in a 37°C incubator (95% air and 5% CO~2~). Images were captured at 0- and 24-h time points by fluorescence microscopy (magnification, ×100), and the wound-closure area was calculated using ImageJ software v1.51d (National Institutes of Health).

### Migration assay

The migration assay was performed using 24-well plates with Transwell inserts (filter membrane pore-size, 8-µm; Corning, Inc.). Briefly, 2×10^4^ cells in FBS-free medium were added to the upper chambers of the Transwell inserts, while conditioned medium with 20% FBS was added to the lower chambers. DHA (2 µg/ml), 3-MA (2 mmol/l; cat. no. HY-19312; MedChemExpress) or a combination of both were then added to the chambers, and the cells were incubated at 37°C for 24 h. The non-migrated cells were removed with cotton swabs, and the cells on the underside of the filter membrane were washed with PBS and fixed with 4% paraformaldehyde at room temperature for 15 min. The chambers were subsequently stained with 0.1% crystal violet buffer for 30 min at room temperature, following washing with PBS. Migration was determined using the mean number of migratory cells from 20 visual fields with light microscope at ×10 magnification.

### Western blot analysis

A total of 1×10^6^ cells/well were inoculated into a 6-well plate and left to adhere at 37°C overnight. The cells were treated with various concentrations of DHA (1.25, 2.5 and 5.00 µg/ml) or 2 mmol/l 3-MA or a combined treatment for 24 h, following removal of the culture medium. The cells were then lysed on ice with radioimmunoprecipitation assay lysis buffer (Sangon Biotech Co., Ltd.) and the supernatant was collected following centrifugation (12,000 × g for 10 min) at 4°C. Protein concentration was determined using a bicinchoninic acid kit (Sangon Biotech Co., Ltd.). Equal amounts of protein (15 µg per well) were electrophoresed using 10% sodium dodecyl sulfate-polyacrylamide gels and transferred to PVDF membranes. The membranes were blocked with 1× EZ-Block A in PBS solution at 23°C for 1 h (Sangon Biotech Co., Ltd.). Subsequently, the membranes were incubated with LC3 (cat. no. L8918), sequestosome 1 (SQSTM1; cat. no. P0067), and β-actin antibodies (cat. no. SAB5600204) (all Sigma-Aldrich; Merck KGaA; dilution, 1:1,000), E-cadherin (cat. no. 3195S), N-cadherin (cat. no. 13116S), vimentin (cat. no. 5741S), p-mTOR (cat. no. 5536S), mTOR (cat. no. 2983S), AKT (cat. no. 4685S), phosphorylated (p)-Akt (cat. no. 13038S) (all Cell Signaling Technology, Inc.; dilution, 1:1,000) for 12 h at 4°C. Next, the membranes were incubated with HRP-labeled goat anti-rabbit IgG secondary antibodies (ZSGB-BIO; cat. no. ZB2301; dilution, 1:10,000) for 2 h at room temperature. The protein visualization was mediated by Western Blot Chemiluminescence HRP Substrate kit (Takara Bio, Inc.; cat. no. T7101A). The grey value was detected using ImageJ software v1.51d (National Institutes of Health).

### Constitutively active (CA)-Akt overexpression assay

A total of 9×10^5^ cells were seeded in 6-well plates overnight, and 5 µg CA-Akt plasmid (cat. no. 14751; Addgene, Inc.) and pcDNA3.1 empty vector (cat. no. V790-20, Invitrogen; Thermo Fisher Scientific, Inc.) was transfected into the cells using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) when the cell fusion rate reached 85%. The cell culture was replaced and the cells was treated with DHA (2 µg/ml) or DMEM medium, 12 h later. Following 24 h of DHA treatment western blot analysis and wound-healing assays were performed as aforementioned.

### Statistical analysis

The data are presented as the mean ± standard deviation. SPSS v19.0 (IBM Corp.) was used to conduct all statistical analyses. An unpaired student\'s t test was used to compare two groups or one-way ANOVA followed by Tukey\'s post hoc test for multiple comparisons. P\<0.05 was considered to indicate a statistically significant difference. GraphPad Prism v8.01 (GraphPad Software, Inc.) was used to produce the figures.

Results
=======

### DHA inhibits the migration of EC cells

To understand the effect of DHA on tumor invasion and metastasis, a cell migration assay was performed. The migratory capacity of Eca-109 and TE-1 EC cells was markedly inhibited by DHA. DHA-treated cells possessed a markedly larger wound width compared with those of the control group, and the width of the wound was concentration-dependent ([Fig. 1A and C](#f1-ol-0-0-11955){ref-type="fig"}). For the Transwell assays, the number of migratory cells in the DHA group was significantly decreased in both Eca109 (P=0.006) and TE-1 (P=0.003) cells ([Fig. 1B and D](#f1-ol-0-0-11955){ref-type="fig"}), which was consistent with the results of the wound healing assay. These findings demonstrate that DHA can inhibit the migration of EC cells in a concentration-dependent manner.

### DHA activates autophagy in TE-1 and Eca109 cells

To investigate the underlying mechanism by which DHA inhibits the migration of EC cells, its effects on the levels of proteins associated with autophagy, a crucial process for tumor cell survival under starvation and stress ([@b13-ol-0-0-11955]), were investigated. EC cells were transfected with a GFP-LC3 plasmid, and the puncta of LC3 were markedly increased following DHA treatment in both TE-1 (P=0.039) and Eca109 (P=0.012) cells ([Fig. 2A](#f2-ol-0-0-11955){ref-type="fig"}). Western blot analysis also revealed a significant increase in LC3 protein expression, and a significant decrease in the protein levels of SQSTM, with increasing concentrations of DHA in both cell lines ([Fig. 2B and C](#f2-ol-0-0-11955){ref-type="fig"}). These results demonstrate that DHA induces autophagy in EC cells.

### DHA inhibits the migration of EC cells by inducing autophagy

To determine whether DHA inhibited cell migration by activating autophagy, Transwell assays and western blot analysis were used to detect the migratory capacity and the levels of autophagy-associated proteins following treatment with the autophagy inhibitor 3-MA. In the Transwell assay, the cells of Eca-109 (P=0.007) and TE-1 (P=0.03) on the underside of the filter membrane were significantly lower in number compared with that in the control group, following treatment with DHA ([Fig. 3A](#f3-ol-0-0-11955){ref-type="fig"}). However, this phenomenon was reversed, and the cell number significantly increased with co-treatment of 3-MA and DHA in both Eca-109 (P=0.003) and TE-1 (P=0.04) cells ([Fig. 3A](#f3-ol-0-0-11955){ref-type="fig"}). These results indicate that the DHA-induced suppression of cell migration was weakened when autophagy was inhibited. The expression levels of the EMT markers and autophagy-associated proteins were also markedly altered; the protein levels of LC3 II and E-cadherin were significantly increased and SQSTM and N-cadherin levels decreased after DHA treatment alone. However, the expression levels of E-cadherin and LC3 II were decreased, while SQSTM and N-cadherin were increased following co-treatment with 3-MA and DHA ([Fig. 3B and C](#f3-ol-0-0-11955){ref-type="fig"}). These results indicate that DHA inhibits the migration of TE-1 and Eca-109 cells by upregulating autophagy.

### The Akt/mTOR signaling pathway is involved in the DHA-induced inhibition of EC cell migration

To determine how DHA regulates autophagy and subsequently inhibits cellular migration, the expression levels of the EMT-associated proteins, E-cadherin ([@b21-ol-0-0-11955]), N-cadherin ([@b22-ol-0-0-11955]) and vimentin ([@b23-ol-0-0-11955]) (important components of epithelial cell loss, polarization and mesenchymal transformation) were detected. Autophagy-associated proteins, LC3 and SQSTM were also detected, as well as the phosphorylation levels of Akt and mTOR (indicating the activated forms of these proteins), which negatively regulates autophagy ([@b24-ol-0-0-11955]--[@b26-ol-0-0-11955]). As shown in [Fig. 4A and B](#f4-ol-0-0-11955){ref-type="fig"}, Akt and mTOR phosphorylation were inhibited by DHA treatment, accompanied by increasing LC3 and E-cadherin expression levels, and decreasing SQSTM, vimentin and N-cadherin expression, in both cell lines. To further determine the association between DHA and the Akt/mTOR signaling pathway, cells were transfected with CA-Akt to restore DHA-induced Akt/mTOR inhibition, and a wound-healing assay was conducted. As expected, the migratory abilities of the two EC cell lines were restored following co-treatment with DHA and CA-Akt, though migration was significantly decreased by DHA treatment alone ([Fig. 4C and D](#f4-ol-0-0-11955){ref-type="fig"}). The results of western blot analysis were consistent with those of the wound-healing assay; in cells transfected with CA-Akt and treated with DHA, the protein levels of p-Akt, SQSTM and N-cadherin were significantly increased compared with DHA treatment alone ([Fig. 4E and F](#f4-ol-0-0-11955){ref-type="fig"}). These data indicate that DHA activates autophagy by inhibiting the phosphorylation of Akt, and subsequently suppressing the migration of TE-1 and Eca-109 cells.

Discussion
==========

DHA, one of the primary derivatives of artemisinin, has well established anti-malarial effects and has recently been reported as a potential antitumor compound ([@b27-ol-0-0-11955]). An increasing amount of evidence has suggested that DHA can inhibit proliferation by promoting cell cycle arrest and apoptosis in human hepatic carcinoma ([@b28-ol-0-0-11955]), cholangiocarcinoma ([@b29-ol-0-0-11955]), cervical cancer ([@b30-ol-0-0-11955]) and tongue squamous carcinoma cells ([@b31-ol-0-0-11955]). Moreover, DHA can also prevent the migration of malignant tumor cells, such as lung cancer ([@b32-ol-0-0-11955]) and ovarian carcinoma cells ([@b33-ol-0-0-11955]). The antitumor activity of DHA in EC cells was also been shown to affect apoptosis, the cell cycle and glycolysis ([@b29-ol-0-0-11955],[@b34-ol-0-0-11955]--[@b38-ol-0-0-11955]); however, to the best of our knowledge, its inhibitory effects on cell migration have not previously been reported.

EC is a common malignancy of the digestive tract, which ranks 7th among 36 cancer types in occurrence worldwide in 2018. The prognosis of patients with EC is poor following esophagectomy, due to the metastasis and invasion of EC cells ([@b8-ol-0-0-11955]). EMT is a precursor of tumor metastasis, which comprises in the loss of cell polarity and the acquiring of mesenchymal cell characteristics ([@b39-ol-0-0-11955]). In the present study, DHA was shown to markedly inhibit EC cell migration, with reduced N-cadherin and increased E-cadherin protein expression. Wound-healing and Transwell assays consistently demonstrated that the migration of TE-1 and Eca-109 cells was inhibited following DHA treatment. Further investigations into the underlying mechanism of DHA revealed that migration inhibition was mediated by autophagy, and this was reversed following co-treatment with DHA and the autophagy inhibitor, 3-MA.

As a 'self-eating' process, autophagy serves a crucial role in cell survival via the degradation of aging organelles or misfolded proteins ([@b40-ol-0-0-11955]). An increasing number of studies have demonstrated that autophagy is associated with EMT ([@b41-ol-0-0-11955],[@b42-ol-0-0-11955]); however, the means by which autophagy regulates EMT are not completely clear. Li *et al* ([@b43-ol-0-0-11955]) found that autophagy was induced in hepatoma cells treated with serum-free Hank\'s medium for 6 h, and that the expression of EMT and mesenchymal markers were decreased and increased, respectively. On the other hand, Park *et al* ([@b44-ol-0-0-11955]) demonstrated that SQSTM formed large aggresome-like induced structures (ALISs). Ubiquitination protease aggregates are generally rapidly degraded, whereas proteins bound by ALISs have a longer half-life. Transcription factors mediating EMT can also be protected in this way ([@b45-ol-0-0-11955],[@b46-ol-0-0-11955]). In the present study, DHA induced autophagy, subsequently suppressing EMT and cellular migration via the Akt/mTOR signaling pathway. DHA treatment in TE-1 and Eca-109 cells also inhibited the phosphorylation of Akt. In addition, the levels of p-Akt were significantly increased in the two cell lines, in cells transfected with a constitutively active form of Akt and active Akt restored the decreased expression level of SQSTM in DHA-treated cells. However, the underlying regulation mechanisms of DHA on AKT/mTOR pathway remains unclear, elucidating the molecular mechanisms of these processes requires further investigation.

This study was aimed to investigate the antitumor activity of DHA in esophagus cancer cells. The results demonstrated that DHA could inhibit the migration capacity of Eca109 and TE-1 cells through inducing autophagy. Exploring the underling mechanism provides new perspectives for clinical cancer therapy. However, some limitations remain in the present study. The cells were cultured with medium containing 3% FBS to maintain cell survival rather than without FBS in wound healing assay, which may influence the accuracy of this result. Furthermore, the detailed molecular mechanisms between DHA and AKT/mTOR pathway are still unknown.

In conclusion, the results of the present study demonstrated that DHA inhibits the migration of EC cells by inducing Akt/mTOR axis-mediated cytostatic autophagy. These findings may provide novel insights into the migration inhibiting activity of DHA and provide evidence to support the potential use of DHA in the clinical treatment of EC.
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![DHA inhibits esophageal cancer cell migration in a concentration-dependent manner. (A) A total of 1×10^6^Eca-109 cells were seeded into 6-well plates and incubated overnight, following which the monolayers were scratched with 1-ml tips and the cells were cultured with media containing 3% FBS, and treated with 1, 2 or 5 µg/ml DHA for 24 h. Images of wound closure distances were captured 0 and 24 h post-treatment. Scale bar, 100 µm. (B) 2×10^4^ Eca-109 cells were inoculated into Transwell chambers with serum-free medium, treated with 2 µg/ml DHA for 24 h, and then fixed and stained. Migration ability was measured using the mean number of cells in 20 visual fields. Scale bar, 50 µm. (C) A total of 1×10^6^ TE-1 cells were seeded into 6-well plates and incubated overnight, the description of wound healing assay was similar as above. Scale bar, 100 µm. (D) 2×10^4^ TE-1 cells were inoculated into Transwell chambers with serum-free medium and performed as above. Migration ability was measured using the mean number of cells in 20 visual fields. Scale bar, 50 µm. Data are represented as the mean ± standard deviation from 3 independent experiments. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. control. DHA, dihydroartemisinin.](ol-20-04-11955-g00){#f1-ol-0-0-11955}

![DHA induces autophagy in TE-1 and Eca-109 cells. (A) A total of 1×10^5^ cells were seeded into a 24-well plates and incubated overnight, and then transfected with an GFP-LC3 expression plasmid for 6 h. The cells were treated with 2 µg/ml DHA for 24 h, following which the cells were fixed and stained with DAPI. LC3 expression was analyzed using fluorescence microscopy, and the number of GFP-LC3 puncta per cell was determined using Image J. Yellow arrows indicate LC3 protein. Scale bar, 5 µm. A total of 1×10^6^ (B) Eca-109 and (C) TE-1 cells were seeded into 6-well plates and incubated overnight, and then treated with 2 µg/ml DHA for 24 h. Levels of autophagy-associated proteins were detected using western blot analysis, and the relative density was determined using ImageJ software. Data are presented as the mean ± standard deviation of 3 independent experiments. \*P\<0.05 and \*\*P\<0.01 vs. respective control. DHA, dihydroartemisinin; GFP, green fluorescent protein; LC3, microtubule-associated protein 1A/1B-light chain 3; SQSTM, sequestosome 1; ns, not significant.](ol-20-04-11955-g01){#f2-ol-0-0-11955}

![DHA inhibits EC cell migration by activating autophagy. (A) A total of 2×10^4^ EC cells were inoculated into Transwell chambers with serum-free medium and treated with 2 µg/ml DHA, 2 mmol/l 3-MA or a combination of both for 24 h. Membranes were then fixed and stained. Migration was recorded as the mean number of cells in 20 visual fields. Scale bar, 50 µm. The levels of autophagy-associated proteins in (B) Eca-109 and (C) TE-1 cells were detected using western blot analysis, and the relative density was determined using ImageJ software. Data are presented as the mean ± standard deviation of 3 independent experiments. \*P\<0.05 and \*\*P\<0.01. DHA, dihydroartemisinin; EC, esophageal cancer; 3-MA, 3-methyladenine; LC3, microtubule-associated protein 1A/1B-light chain 3; SQSTM, sequestosome 1.](ol-20-04-11955-g02){#f3-ol-0-0-11955}

![DHA induces autophagy via the Akt-mTOR signaling pathway. A total of 1×10^6^ (A) Eca-109 and (B) TE-1 cells were seeded into 6-well plates to adhere overnight, and then treated with 2 µg/ml DHA for 24 h. Levels of autophagy- and EMT-associated proteins were detected using western blot analysis and the relative density was analyzed using ImageJ software. Furthermore, 1×10^6^ (C) Eca-109 and (D) TE-1 cells were seeded into 6-well plates overnight and then transfected with CA-Akt. The cell monolayers were scratched with 1-ml tips after 12 h, subsequently cultured with medium containing 3% FBS, and then treated with 2 µg/ml DHA. Images of wound closure distances were captured after DHA treatment at 0 and 24 h. Scale bar, 100 µm. Following 12 h of transfection with CA-Akt, (E) Eca-109 and (F) TE-1 cells were treated with 2 µg/ml DHA for 24 h, and the levels of autophagy- and EMT-associated proteins were determined using western blot analysis and the relative densities were analyzed using ImageJ software. Data are presented as the mean ± standard deviation of 3 independent experiments. \*P\<0.05 and \*\*P\<0.01. DHA, dihydroartemisinin; p, phosphorylated, LC3, microtubule-associated protein 1A/1B-light chain 3; SQSTM, sequestosome 1; CA, constitutively active; EMT, epithelial-mesenchymal transition; -, without; +, with.](ol-20-04-11955-g03){#f4-ol-0-0-11955}
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